The method for identification of alveolopleural fistulae (APF) by visual inspection of air bubbles in the chest drainage system has several limitations and suffers from poor accuracy. Here we discuss the use of a novel technique of pleural gas analysis in the identification and management of APF.
INTRODUCTION
Air leaks have a reported incidence of over 60% following anatomic and nonanatomic lung resections [1] [2] [3] . In patients with emphysema, air leaks can affect over 90% of patients in the immediate postoperative period [4] . Air leaks are assumed to represent alveolopleural or bronchopleural fistulae and in many cases these terms are used interchangeably. All patients undergoing lung surgery have a tube placed in the chest cavity that is connected to a drainage system. The function of the chest tube is to drain the inflammatory pleural fluid and air escaping the cut surface of the lung. As the inflammatory fluid usually ceases before lung parenchyma heals, air leaks remain the predominant reason for inability to remove chest tubes in patients undergoing lung surgery.
Prolonged air leak (PAL), defined by Society of Thoracic Surgeons as lasting more than 5 days after surgery [2] , has a significant impact on clinical outcomes [5] [6] [7] [8] . Depending on the series, the incidence of PAL can be up to 35% [4] . In fact, the National Emphysema Treatment Trial reported the incidence of PAL in emphysema patients to be over 50% [4] . PAL is associated with increased infectious complications, with a reported 8.2-10.4% incidence of empyema, and is known to be the major determinant of morbidity and mortality in patients undergoing lung resection [2, 6, 9, 10] . Therefore, not surprisingly, PAL is associated with increased length of hospitalization and overall cost [2, [11] [12] [13] [14] .
The traditional method of chest drainage using the three-bottle principle ( Fig. 1 ) can overestimate the incidence of air leaks and PAL. It is based on elucidation of air bubbles in the water column that can arise from mechanisms other than air escaping the lung surface. There is a need for better systems to determine whether air bubbles are because of an alveolopleural fistulae (APF) (true air leaks) or a mechanical error (false air leaks). We recently demonstrated that analyzing the gas content of air leaks would better differentiate true and false air leaks [15 
Analog systems
The current analog systems are based on the threebottle concept (Fig. 1 ). The first bottle serves to collect pleural fluid. This is connected to a middle bottle that provides a water seal and has a rigid tube immersed within 2 cm of a water column. The second bottle is connected to a final bottle that allows controlled application of suction. The amount of suction pressure can be adjusted by the depth of immersion of the rigid tube in the third bottle. With this system, air can escape from the patient by bubbling through the water seal column in the second bottle and then through the vent in the third bottle. The water seal column in the second bottle prevents air from re-entering the patient during inspiration, similar to the use of straw for drinking a beverage. The current systems combine the three bottles into one container.
The standard for detection of air leaks is by visual inspection of air bubbles within the water seal column of chest drainage container [3] . Bubbles in the water column are believed to represent the egress of air from an alveolopleural or bronchopleural fistula [3] . The bubbles are either spontaneously leaking through the water column or elicited following a maneuver that increases intrathoracic pressure such as coughing or valsalva. It is assumed that the entire system, including the chest tube and the drainage system, is a closed circuit in which external air cannot get introduced. Hence, observed air bubbles are speculated to be coming from the lung.
Digital systems
The water seal in the chest drainage systems is an essential component. However, to avoid the problem of spillage of the water column, dry seal systems have been developed that contain a one-way valve where the water column would be. The obvious disadvantage of the dry seal systems is the inability to monitor for air leaks.
Digital systems have been developed using the concept of dry seal in which an air-flow meter analyzes the air exiting the chest tube [18] . Air-flow data are presented on a digital display in numeric and graphic form in real time. The main benefit to these devices is improved interobserver reliability in the detection and characterization of air leaks [19] [20] [21] [22] [23] [24] [25] . However, this has not helped timely removal of chest tubes [26, 27] . There also remains a lack of consensus in the definition of a clinically significant air leak, with an allowable leak range from 0 to 30 ml/min [21, 22, 25] .
KEY POINTS
Pleural gas analysis is more accurate than the current standard of visual inspection in identifying alveolopleural fistulae.
Pleural hypercarbia impairs lung healing and prolongs APF resolution.
Pleural gas analysis allows more effective management of chest tubes and can promote APF resolution.
Real-time pleural gas analysis can expedite chest tube removal, decrease postoperative morbidity, and reduce length of stay and overall costs after lung surgery.
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To suction Depth determines maximum suction level Suction control Water seal container Drainage container FIGURE 1. The 'three-bottle system'. The chest tube is connected to the first bottle that serves to collect the fluid draining from the patient. The first bottle is connected to the second bottle that has a rigid tube immersed for about 2 cm in a water column. Air escaping the patient can bubble through this water column but cannot reenter when patient inspires. The third tube has a vent through which the air leaves the system and ability to be connected to suction. The water level in the third tube regulates the amount of suction.
LIMITATIONS OF CURRENT DRAINAGE SYSTEMS
The elicitation of air bubbles in analogue systems or detection of air through air-flow meter in digital systems is dependent on patient's effort, tube position, and the presence of fluid or clots in the tube, among other factors [28] . There are a number of circumstances that can produce false air leaks. After resection there might be air in the pleural space that is evacuated over time which can create a false air leak [3] . There can be introduction of external air into the chest cavity from the tube exit site that can simulate air leak. There is also an entity called airflow reversal, whereby deep inspiration can introduce the existing air in the tubing and the first chamber back into the chest cavity that on subsequent cough or forceful expiration produces bubbles [29] . Yet another false air leak is termed momentum leak, whereby the momentum of the fluid column generates bubbles in patients who are able to produce a strong cough [1] . It is essential to distinguish true and false air leaks because the chest tube should not be removed if the air leak is coming from the lung as that would lead to a pneumothorax. Conversely, a false air leak would incorrectly indicate keeping the chest tube in the patient. Unfortunately, both analog and digital systems cannot distinguish false and true air leaks due to such causes.
GAS ANALYSIS FOR DETECTION OF ALVEOLOPLEURAL FISTULAE

Hypothesis
To better distinguish true and false air leaks, we hypothesized that analyzing the carbon dioxide and oxygen levels in the air leaking out of the chest cavity would have better accuracy. Under normal physiologic conditions, the partial pressure of alveolar carbon dioxide is $40 mmHg. This corresponds to 5.6% carbon dioxide at sea level with atmospheric pressure of 760 mmHg. By comparison, ambient air comprises 0.04% carbon dioxide. In the presence of an APF, alveolar gas containing carbon dioxide escapes into the pleural cavity. Therefore, elevated carbon dioxide in gas collected from the pleural drainage system can indicate an APF. However, carbon dioxide can remain in the pleural cavity even after resolution of an APF, for instance, if the remaining lung fails to completely fill the space left behind after lung resection. In such circumstances, an increase in pleural oxygen concentration following nasally administered supplemental oxygen could differentiate a persistent APF.
Clinical validation
We first determined pleural levels of carbon dioxide and oxygen in patients with and without a known APF [15 & ]. The APF-positive group consisted of patients who had undergone a lung decortication and had an APF observed in the operating room, whereas the APF-negative group consisted of patients who had a chest tube placed for pleural effusion. We used a Datex analyzer (GE Healthcare, Inc., Oklahoma, USA) connected to the sampling port of the pleural drainage system (Atrium, Inc. New Hampshire, USA) to measure pleural gases. The mean pleural carbon dioxide in the APF-negative group was 0.9% and in the APF-positive group 4.9%. Supplemental oxygen of 5 l/min produced an increase in the pleural oxygen of 2% or more in the AFP-positive group. The AFP-negative group did not have a demonstrable change in the pleural oxygen concentration despite up to 10 l/min of supplemental oxygen. We therefore, set the parameters of an APF as a carbon dioxide concentration more than 1% and an increase in oxygen of 2% or more with 5 l/min of supplemental oxygen. Carbon dioxide above 1% but an increase in oxygen below 2% would suggest recently resolved APF.
We then prospectively compared visual inspection with gas analysis in 50 patients undergoing surgical lobectomy. There was concordance with both techniques in 36 patients (72%): 19 patients (38%) had positive results for an APF, whereas 17 (34%) had negative results. Notably, there were 12 patients (24%) who were suggested to have an APF based on visual inspection but had a negative result on gas analysis. These patients had their chest tubes removed without development of a pneumothorax, supporting the contention of high incidence of false air leaks on visual inspection. Out of the 19 patients deemed to have no APF with visual inspection, two had a gas analysis result indicative of an APF. Chest tube removal in both patients resulted in a large pneumothorax. We can conclude that visual inspection was not sensitive enough to detect the APF in these two patients. Of the 29 patients without detectable APF by gas analysis, only one went on to develop a pneumothorax after tube removal. Visual inspection did not reveal APF in this patient as well. This patient likely had a dysfunctional tube as the gas analysis on replacement of the chest tube was positive for APF.
In all, the incidence of APF was 44% in our study, which is similar to what is reported in the literature [1, 2] . As shown in Table 1 , gas analysis had better sensitivity (95.5 vs 86.4%), specificity (100 vs 57.1%), positive predictive value (100 vs 61.3%), and negative predictive value (96.6 vs 84.2%) than visual inspection for identifying an APF. These results suggest that a significant proportion of patients, 24% in our study, may have false air leaks based on visual inspection. This overestimation of APF by visual inspection has significant implications in the postoperative management of lung resection. False air leaks result in an extended and unnecessary duration of chest tubes, prolonging patient pain and discomfort, increasing complications and length of stay, and producing higher cost of care. More accurate identification of APF with pleural gas analysis has the potential to improve care.
INTRAPLEURAL GAS MILIEU AND LUNG HEALING
The cause of persistent APF remains unclear [4, 6, 10, [30] [31] [32] [33] . It is known that lung repair involves type II pneumocytes [34] [35] [36] . These alveolar epithelial cells retain the ability to differentiate into and replenish type I pneumocytes [34] . It has been recently shown that hypercarbia impairs alveolar epithelial cell proliferation and lung healing [37] [38] [39] . Various mechanisms have been proposed, including microRNA-mediated suppression of mitochondrial enzymes resulting in impaired oxygen consumption and ATP production in alveolar epithelial cells [37, 38, 40, 41] . There is also evidence that hypercarbia impairs macrophage function, which also impacts alveolar epithelium regeneration after injury [37, 40] . Similarly, there is evidence that hypoxia impairs lung healing [42] [43] [44] [45] . Using the technique of pleural gas analysis, we provided evidence that the intrapleural gas milieu can affect the rate of lung healing and resolution of APF [15 & ,16 & ]. In a prospective study of 116 consecutive lung resections there were 55 (47%) anatomic lobectomies and 61 (53%) wedge or sublobar resections. On the morning of postoperative day 1, we performed pleural gas analysis. Poisson regression analysis revealed that every one-unit increase in carbon dioxide was associated with delay in lung healing by 9 h (P < 0.001). Logistic regression demonstrated that every one-unit increase in carbon dioxide level was associated with 10 times greater odds of PAL (P ¼ 0.003). We, therefore, reasoned that a decrease in the intrapleural carbon dioxide percentage would result in faster lung repair and air leaks resolution. On postoperative day 1, patients with an intrapleural carbon dioxide more than 6% were subjected to either the intervention or standard therapy groups. The intervention consisted of pleural suction up to À40 cm water and supplemental oxygen via nasal cannula up to 8 l/min, titrated to achieve intrapleural carbon dioxide less than 5%. The standard treatment was to place the chest tube to water seal and wean supplemental oxygen to keep saturations more than 88%.
The interventions lead to a decrease in mean intrapleural carbon dioxide from 6.6 AE 0.7 to 3.1 AE 0.5%, whereas increasing intrapleural oxygen from 15.4 AE 2.0 to 27.1 AE 3.2%. There were no significant differences in baseline intrapleural carbon dioxide or oxygen percentage, or the size of air leaks at baseline between the two groups. We found that the intervention group had significantly shorter air leak duration: 3.4 AE 1.1 vs 6.0 AE 1.2 days. These results suggest that the intrapleural gas milieu can impact lung healing and gas analysis might offer interventions to modulate pleural gas and promote lung healing.
CONCLUSION
APF are a common problem after lung surgery and their management remains an intensely debated topic. In this review, we have summarized a novel technique for the identification of APF that is more accurate than the current standard. We also described the application of this technique to provide a simple therapeutic intervention that can promote lung healing. Hence, we believe that pleural gas analysis has the potential to produce a paradigm shift in the management of APF, significantly impacting the morbidity of lung surgery and reducing its attendant costs.
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